Objective: To evaluate safety and efficacy of a single intratympanic injection of OTO-104, sustained-exposure dexamethasone, in patients with unilateral Ménière's disease. Study Design: Randomized, double-blind, placebo-controlled, Phase 2b study over 5 months. and in some Short Form-36 (SF-36) subscales (Month 2 bodily pain P ¼ 0.039, vitality P ¼ 0.045, social functioning P ¼ 0.025). No difference in tinnitus loudness or tinnitus handicap inventory (THI-25) was observed. OTO-104 was well tolerated; no negative impact on safety compared with placebo. Persistent tympanic membrane perforation was observed in two OTO-104 treated patients at study end. Conclusion: OTO-104 was well-tolerated, did not significantly affect change from baseline in vertigo rate, but did reduce number definitive vertigo days, vertigo severity, and average daily vertigo count compared with placebo during Month 3. Results provide insight into analyzing for a vertigo treatment effect and support advancing OTO-104 into Phase 3 clinical trials for the treatment of Ménière's disease symptoms.
Affecting approximately 0.2% of the population (1), Ménière's disease is a chronic idiopathic syndrome of the inner ear that is characterized by fluctuating hearing loss, tinnitus, aural fullness, and spontaneous vertigo episodes lasting 20 minutes or more (2) . Temporal bone studies have associated the disease with endolymphatic hydrops, leading to speculation that it may arise from disruption in the balance between endolymph production and absorption (3, 4) .
There is no cure for Ménière's disease. The disease may eventually result in irreversible sensorineural hearing loss at all frequencies in the affected ear and seriously impair a patient's quality of life (5, 6) . Treatments for the disease tend to focus on relieving vertigo, the most debilitating symptom associated with the disease. A reduction in inner ear fluid volume may reduce hydrops and associated clinical symptoms, which is why physicians routinely prescribe low-salt diet and diuretics (1, 7) . Treatments addressing symptoms may include systemic medications (anticholinergics, antihistamines, phenothiazines, benzodiazepines, corticosteroids), surgical treatments (endolymphatic sac surgery, vestibular neurectomy, labyrinthectomy), non-surgical partial ablation (intratympanic [IT] gentamicin), or low-pressure devices. Administration of aqueous corticosteroid formulations via repeat IT injections (8) (9) (10) has been associated with clinical improvement in patients with Ménière's disease.
OTO-104 is a suspension of dexamethasone in a buffered solution containing the thermoreversible glycol polymer, poloxamer 407. It is intended for IT application over the round window niche, gels within seconds at body temperature, and is designed to provide a sustainedexposure of dexamethasone to the inner ear. In preclinical studies, IT injection of dexamethasone solution showed limited perilymph exposure while OTO-104 provided sustained perilymph dexamethasone exposure (11) . In a Phase 1b trial in 44 patients with Ménière's disease, a single IT injection of OTO-104 was found to be well tolerated and associated with a reduction in change from baseline in vertigo rate 3 months after treatment compared with placebo (12) . This report presents the assessment of safety and efficacy in a larger Phase 2b study of OTO-104 in patients with unilateral Ménière's disease.
MATERIALS AND METHODS

Study Design
This was a randomized, double-blind, placebo-controlled, multicenter 20-week Phase 2b study conducted in North America (clinicaltrials.gov Identifier NCT01412177). This study was conducted in compliance with the applicable regulatory requirements, Declaration of Helsinki and the International Conference on Harmonisation Guidance on Good Clinical Practice and Institutional Review Board approved (Schulman IRB and Local Institutional IRBs). A Data Safety Monitoring Board conducted four periodic reviews of the safety data in a blinded manner.
Study Population
All patients were willing to comply with the protocol, and able to provide written informed consent, including agreement to privacy language within the informed consent compliant with Health Insurance Portability and Accountability Act before the initiation of any study-related procedures.
Key patient inclusion criteria were the following: ages 18 to 85 years diagnosed with definite unilateral Ménière's disease (2) ; patient recorded at least two definitive (a score of 2-4 from the vertigo severity scale) vertigo episodes during the 4-week lead-in period and completed at least 22 of 28 diary entries during screening; patient agreed to maintain their current treatments for Ménière's disease; women of childbearing potential had a negative pregnancy test before randomization and took adequate contraceptive precautions for the duration of the study.
Patients were excluded from the study if they had any of the following: infection in the sinuses or upper respiratory system; middle ear disease or a significant abnormality of the tympanic membrane affecting the IT injection; a history of immunodeficiency disease; previous use of IT gentamicin; previous endolymphatic sac surgery; tympanostomy tubes with evidence of perforation or lack of closure; vertiginous migraine; drop attacks; systemic or IT steroids (within 1 month previous); experience of an adverse reaction to IT injection of steroids; or women who were pregnant or lactating.
Randomization and Trial Intervention
Following the 4-week lead-in period, eligible patients were randomly assigned to receive either 12 mg OTO-104 or placebo on Day 1 using a 1:1 allocation ratio based on a computergenerated permuted block randomization algorithm. OTO-104 was given as a single 0.2 ml IT injection of 60 mg/ml on Day 1, and patients were observed for 4 months.
Patients recorded their daily vertigo and tinnitus experiences via an interactive voice response system diary during the 4-week lead-in period and 4-month follow-up period. The daily vertigo diary (13-16) used a 5-point vertigo severity scale (0 ¼ vertigo-free day, 1 ¼ vertigo episode lasting <20 minutes, 2 ¼ definitive vertigo episode lasting >20 minutes, 3 ¼ definitive vertigo episode associated with nausea/vomiting, 4 ¼ worst attack experienced to date).
The physician administering the study drug was blinded up to the point of injection, but differences in the opacity between placebo and OTO-104 prevented blinding beyond that point. The administering physicians were trained not to use video monitors or discuss the appearance of the injected materials that would unblind the study staff or patients.
Objectives and Endpoints
The primary efficacy endpoint, which is what the sample size was based on, was the change from baseline in vertigo rate (definitive vertigo days divided by number of days of diary entries) during the 4-week interval from Week 9 through Week 12 (Month 3) (12).
Protocol-defined secondary efficacy endpoints included the change from baseline in severity of vertigo episodes, number of definitive vertigo days, average daily count of vertigo episodes, tinnitus handicap inventory (THI-25) (17,18), tinnitus frequency, degree of tinnitus loudness, and the quality of life Short Form-36 (SF-36) (19, 20) .
Safety
Safety endpoints included adverse events, vital signs, clinical laboratory measurements, and the Columbia-Suicide Rating Scale (C-SSRS). Otoscopic examinations were performed in both ears at all visits. Audiometry assessments (range 250-8000 Hz) included air-and bone-conduction thresholds and pure-tone averages (PTAs) for bone and air conduction (500, 1000, and 2000 Hz frequencies) in accordance with the American-Speech-Language-Hearing Association Guidelines (21) . Word recognition tests were conducted in both ears using a standardized 50 word protocol with Northwestern University Auditory Test Number Six (NU-6) compact disc. Tympanometry was used to assess mobility of the tympanic membrane using a 226 Hz probe frequency.
Statistical Analyses
The primary endpoint, change from baseline in vertigo rate at Month 3, was analyzed using a linear mixed model with repeated measures. The full model contained fixed effects for randomized treatment group (OTO-104 versus placebo), study month treatment group by study week interaction, and baseline vertigo frequency. Primary analysis consisted of a linear contrast of the simple effect among the adjusted change from baseline means (change from baseline least squared [LS] means) between OTO-104 and placebo at Month 3 at the 2-tailed 0.05 alpha level. Secondary efficacy endpoints examining vertigo frequency at Months 1, 2, and 4 were from the same primary analysis conducted for the primary endpoint using linear contrasts for each of these other time points. Number of definitive vertigo days (definitive vertigo rate) was evaluated using a Poisson generalized linear mixed model. The primary efficacy analysis population was the full analysis set of patients and the safety analyses were descriptive.
RESULTS
A total of 154 (77 in each treatment group) men and women participated in the trials between December 2013 and April 2015 (Fig. 1) . The study was conducted in 52 sites in the United States. Baseline demographics were generally balanced across both groups (Table 1) .
Efficacy
A single IT administration of OTO-104 was not significant at 0.05 level (À0.052 with 95% CI of À0.108, 0.004; P ¼ 0.067) for the primary endpoint of vertigo rate as the change from baseline during Month 3. The reduction in vertigo rate from baseline during Month 3 was approximately 4.6 definitive vertigo episodes for OTO-104 patients (61% reduction) and 3.2 definitive vertigo episodes for placebo patients (43% reduction) (Fig. 2) .
The number of definitive vertigo days was statistically significant different between the groups in favor of OTO-104 group at Month 2 (2.16 versus 3.11 days, P ¼ 0.035) and Month 3 (1.64 versus 2.54, P ¼ 0.030) (Fig. 3) . Month 2 and 3 changes from baseline in vertigo severity scores were also statistically significant in favor of OTO-104, with a 14% absolute reduction and 44 to 56% relative reduction in vertigo severity (Fig. 4) .
The change from baseline in average daily vertigo count over 4 months (exploratory analysis versus ''protocol-defined secondary efficacy endpoints'') showed statistical significance at Month 2 (24% reduction compared with placebo, P ¼ 0.042) with a reduction from 1.91 at baseline to 0.62 in the OTO-104 group. The 22% reduction in the OTO-104 group in daily vertigo count was not significantly different from placebo in Month 3 (Fig. 5) .
For both the OTO-104 and placebo groups, the frequency of tinnitus, the change from baseline in tinnitus frequency, average degree of tinnitus loudness, and the THI-25 remained stable throughout the follow-up period with no statistically significant differences observed.
The highest domain (versus ''the composite'') SF-36 analysis was not statistically significant at Month 3 (Fig. 6a) , although certain subscales of SF-36 were statistically significantly improved in OTO-104 patients compared with placebo patients (bodily pain, vitality, social functioning, Fig. 6b ).
Safety
Most adverse events were mild or moderate in severity. No treatment-emergent adverse events (TEAE) resulted in patient discontinuation from this trial. The incidence of TEAE reported was similar between the OTO-104 and placebo treatment groups ( Table 2 ). The most frequent TEAEs more than 3% observed in the OTO-104 group were nasopharyngitis, upper respiratory tract infection, sinus headache, and headache (Table 2 ). Seven severe TEAE were reported in four patients (5.3%) in the OTO-104 group (pneumonia, syncope, and vertigo in [one patient each] and depressed level of consciousness, sleep apnea syndrome, and disorientation in one patient), and 11 severe TEAE were reported in seven patients (9.0%) in the placebo group. FIG. 1 . CONSORT diagram. Patients were included in the treatment group to which they were randomized regardless of the actual study drug received.
The incidence of abnormal otoscopic findings for the auricle, meatus, or middle ear was low, ranging from 0 to 2.7%. Shifts from normal to abnormal tympanic membrane findings in the treated ear were at least twice as common in OTO-104 group as in the placebo group at each visit. Number and percentage of OTO-104 patients with tympanic membrane perforation decreased over time: Month 1 (n ¼ 10, 13.3%), Month 2 (n ¼ 5, 6.7%), and Months 3 and 4 (n ¼ 2, 2.7%).
At baseline, most patients had a tympanometry category of A in both the treated ear (98.7% OTO-104; 97.4% placebo) and non-treated ear (94.7% OTO-104; 94.9% placebo). The proportions of OTO-104 patients with categories of B (small/normal) and B (large) in the treated ear increased to 4.1 and 8.1%, respectively, at Month 1, consistent with the presence of tympanic membrane perforation following study drug injection. Evaluated by otoscopy at the end of the study, two OTO-104 patients had tympanometry findings consistent with perforations: one perforation was considered a pinhole perforation and the other perforation was rated 25% of the tympanic membrane.
To assess the possible adverse effects of IT gel treatments on sensorineural and conductive hearing mechanisms, BC as well as AC thresholds were evaluated. The OTO-104 and placebo groups showed no significant differences with respect to the types and incidences of shifts in AC and BC in the treated ear at Month 4. Incidences of air bone gap improvement of more than 10 dB in the treated ear of OTO-104 patients at Month 4 was 6.1% at 500 Hz, 4.3% at 1000 Hz, and 1.4% at 2000 Hz. In the placebo patients those values were 13.7, 7.9, and 2.7%, respectively. The incidences of air bone gap worsening in the treated ear of OTO-104 patients at Month 4 were 13.6% at 500 Hz, 8.6% at 1000 Hz, and 1.4% at 2000 Hz. In the placebo patients those values Baseline vertigo frequency is defined as the proportion of definitive vertigo days during the 1-month lead-in period.
FIG. 2.
Percent change in vertigo rate during Month 3 from baseline (full analysis set). P ¼ 0.067.
FIG. 3. Number of definitive vertigo days over 4 months
Ã (secondary endpoint).
Ã Prospectively defined poisson regression statistical model used to assess rate of definitive vertigo days within each monthly period. 
FIG. 4.
Change from baseline in vertigo severity score over 4 months Ã (secondary endpoint). Ã Prospectively defined data reported as change from baseline in vertigo severity score (total reported average vertigo score divided by the number of diary entries over the respective 28-day reporting period using a 5 point severity scale).
were 6.8, 6.6%, and 0, respectively. Again, these differences were not statistically significant. There were no significant differences in word recognition at any time point (Month 1-4) between the OTO-104 and placebo groups.
The OTO-104 and placebo groups showed no notable treatment differences in post-baseline C-SSRS, laboratory test results or vital signs.
DISCUSSION
In this randomized, double-blind, placebo-controlled trial in Ménière's disease, a single IT injection of 12 mg OTO-104 was associated with reductions in various vertigo outcome measures. While the primary efficacy analysis did not achieve statistical significance, multiple prospectively defined secondary vertigo endpoints (number of definitive vertigo days, vertigo severity, average daily vertigo count) were statistically significant at Months 2 and 3 (Figs. 3-5 ). Definitive vertigo days and vertigo severity appear to be the most sensitive measures that reflect a potential treatment effect of OTO-104. These results are consistent with the previously reported Phase 1b study with OTO-104 (12), and provide further evidence that intratympanic steroids can provide reductions in vertigo (8) (9) (10) 22, 23) . The observation that statistically significant improvement in SF-36 subscales following OTO-104 dosing is notable given the quality of life challenges experienced by patients with Ménière's disease (5, 6) .
Animal models have shown that a single IT injection of OTO-104 may have advantages over IT corticosteroid solutions (11) . The poloxamer-based formulation has both sustained-release and muco-adhesive properties that provides a sustained inner ear dexamethasone concentration. In guinea pigs and sheep (13) , for example, it has been shown that a single middle ear injection of OTO-104 achieves significant inner ear drug levels for 2 to 3 months. We hypothesize that after IT injection, the thermosensitive poloxamer positions and maintains dexamethasone microparticles at the round window niche, providing a depot for sustained drug diffusion into the inner ear. This is in contrast to the high variability and transient exposure of steroid concentration in the inner ear observed following IT injection of solutionbased formulations in patients (24, 25) . It is estimated that poloxamer, based on tracer studies, is eliminated within 2 weeks after injection (13) .
There were no statistical or clinically meaningful treatment differences on otoscopy, audiometry, tympanometry, word recognition, vital signs, clinical laboratory evaluations or the C-SSRS. The safety assessments in this study support the position that intratympanic administration of corticosteroids are well tolerated and no new risks were identified (9, 26, 27) . Persistent tympanic membrane perforations were observed in two OTO-104 treated patients (2.7%) at the end of study, consistent with perforations seen following IT administration of an aqueous solution of a glucocorticoid steroid (22, 28) .
In the current study, no changes were observed in tinnitus loudness or THI-25 between OTO-104 and placebo, unlike what was observed in the Phase 1b study (12) where an OTO-104 treatment effect was observed with THI-25. The reason for this is unclear, but in general, patients were less impaired from a tinnitus perspective in the current study than what was seen in the Phase 1b study.
OTO-104 may provide advantages over steroid solutions that are not FDA-approved for Ménière's disease. Following administration of OTO-104, patients were able to sit upright immediately and did not need to remain laterally recumbent for up to 30 minutes with no talking or swallowing as is generally required following administration of solution. This offers patient acceptance and convenience advantages over current clinical practice which frequently includes multiple IT injections of steroid solution per course of treatment.
Like all studies, this large Phase 2 trial had limitations. Vertigo and tinnitus endpoints were monitored as efficacy endpoints, while hearing function and tympanometry were measures of safety. While it would be of interest to assess whether hearing function was improved in the OTO-104 treatment group compared with placebo, the study design did not enable this comparison. A stratification design that balances treatment groups on the basis of low frequency hearing function would be ideal, however, the fluctuating nature of this measure in Meniere's disease patients would require a significantly larger study than the present study.
CONCLUSIONS
In conclusion, data from this clinical trial suggest that a single IT injection of OTO-104 reduces certain vertigo outcome measures after 3 months in patients with Ménière's disease. These findings support advancing OTO-104 into Phase 3 clinical trials for the treatment of Ménière's disease.
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